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Design Constraints of Small Single-Phase Permanent
Magnet Brushless DC Drives for Fan Applications

Stephan Dunkl, Annette Muetze, Senior Member, IEEE, and Gerhard Schoener

Abstract—Permanent magnet brushless dc (BLDC) machines
are widely used due to various advantages such as high efficiency
and high torque density, and therefore compactness as well as long
expected lifetime. All of these benefits are of major interest when
designing a drive for a small fan application of a few watts. This
paper presents the design investigations of a small single-phase
BLDC motor for such an application. Notably, it discusses differ-
ent constraints which arise during the design process and which
may be of special relevance due to the particular given power level
and application.

Index Terms—Dynamic simulation, multidomain model,
single-phase brushless dc (BLDC) fan.

I. INTRODUCTION

BRUSHLESS dc (BLDC) motors have gained popularity
due to their high efficiency, silent operation, compact

form, reliability, and low maintenance [1], [2]. Permanent
magnet (PM) BLDC motors use PMs for the rotor field exci-
tation and an electronically commutated winding on the stator.
Notably, with the use of rare earth magnets, these motors can
have higher efficiency and be more compact when compared
to induction motors and mechanically commutated dc motors.
Single-phase PM BLDC motors, although less efficient com-
pared to their three-phase counterparts, are cost-effective and
easy to mass manufacture. They are used in applications which
require output power ranging from a fraction of a watt to a few
tens of watts [3], [4].

The target application was a small fan drive motor. To meet
the specifications and because fan applications do not need high
starting torques, an outer rotor single-phase BLDC appeared to
be a good and cost-effective solution. Furthermore, it ensures
simple motor construction and minimal electronic part count
[5]–[7].

This paper discusses the design of a single-phase BLDC
drive and presents different design constraints that arose. Fur-
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Fig. 1. Stator and drive circuit of a single-phase outer rotor BLDC fan motor.

thermore, it discusses the relationship between different design
parameters and the final motor performance. With this aim
in mind, three different parameter studies will be presented.
These parameter studies will vary the height and material of
the magnets used, the number of turns of the winding, and
the dimensions of the motor. While much of the analysis may
appear to follow classical machine theory, aspects such as
manufacturability and particular motor dimensions may require
special treatment due to these machines’ small sizes (Fig. 1).
In the context of today’s energy debate in which the energy
conversion efficiencies of small energy converters have also
become very important (not only their cost), we consider such
discussion to be of renewed interest.

This paper is divided into six sections. Sections II–V discuss
the specifications and challenges of the motor design and how
these were solved. In the main Section VI, different design
constraints and relations between the design parameter and the
motor performance are presented. The theoretical studies drawn
from a multidomain model have been validated experimentally.
Moreover, the experimental results of a prototype drive are
provided.

II. DESIGN SPECIFICATION

The small fan drive to be designed should provide an output
power of Pout = 1 W at an operating speed of nr = 5000 r/min
at the motor shaft. Furthermore, the specifications of the small
fan drive include some fairly restrictive operating conditions:

1) outer diameter of 30 mm;
2) guaranteed performance for a dc supply voltage of Udc ∈

{8 V . . . 16 V};
3) maximum current of Imax = 1 A.
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Fig. 2. Design constraints of the small fan drive.

Similar to most design tasks of small drives, the target
application of the drive requires customized high-efficiency and
low-cost design for small volume production.

III. FURTHER DESIGN CHALLENGES

Due to the small size of the fan as well as the operating
constraints and specifications, selection of the motor parameters
such as outer motor diameter, material and thickness of the
PMs, air gap length, number of turns, and wire diameter is
subject to numerous tight constraints. Note that many of these
are common for electrical machine design. However, because
of the operating conditions, such as low supply voltage, high
winding resistance, and high electrical time constant, some
cannot be covered by analytic equations and show special
sensitivity due to the small dimensions of the drive. Therefore,
coupled finite element (FE) models (Section V) were built to
illustrate new limits which arise for some motor parameters
[8]–[11].

Fig. 2 gives an overview of the main parameter changes
which will be made during the design process of a motor
and the design constraints which will arise. This variation-
mindmap is separated into two parts. The upper part shows
the machine and design parameters that were to be determined
in the application discussed, such as air gap diameter, number
of turns, magnet thickness, and magnet material. The lower
part lists the constraints which result from the parameters of
the upper part of the mindmap. In general, the constraints
are given by feasibility of manufacturing, efficiency, electrical
constraints, and other given specifications of the application.

IV. SINGLE-PHASE BLDC MACHINES

Reviewing from [12], single-phase BLDC machines, in gen-
eral, suffer from slower starting characteristics, less efficient
utilization of machine iron and copper, and higher losses.
Therefore, single-phase motors are limited to fractional power
applications for which rapid response and high efficiency are
not required. The primary advantage of single-phase devices
is the simplified source requirements. For example, a single-
phase BLDC motor requires only one-third of the number
of transistors and position sensors needed by a three-phase
motor.

In principle, single-phase BLDC machines have the same
number of coils/slots as poles provided that they have a unifilar
winding pattern. Thereby, the coils are connected in series and
wound on the stator in a vice-versa manner. In order to generate
torque over one electrical period of the motor, the current has
to alternate its polarity, and consequently, the motor windings
have to be fed by a full-bridge inverter. If the motor is built with
a bifilar winding pattern, only two switches are needed for the
alternating phase current of the machine.

For single-phase BLDC machines, two types of torque may
occur with nonsalient PM motors [4]: 1) cogging torque, gener-
ated by the interaction of the PMs on the rotor and the stator
teeth, and 2) excitation torque, generated by the interaction
of the stator winding field and the field from the magnets.
However, as these always have the same number of poles and
slots, they have the drawback that excitation and cogging torque
have coincident zero torque positions which make these motors
unable to start from these dead point positions. To overcome
this starting problem, these motors are designed with an asym-
metric air gap, which shifts the zero points of the excitation
torque from that of the cogging torque (e.g., [13]–[15]).

Often, external rotor designs are used for single-phase BLDC
machines. These designs have a high moment of inertia and
therefore are able to compensate the relatively high torque
ripple of single-phase BLDC motors.

V. MODELING APPROACH

For the purpose of the investigations presented in this paper,
two simulation models have been used. Section V-B shows a
transient FE model simulating the maximum torque the motor
is able to provide for a particular supply voltage at a duty cycle
of 100% (PWM control).

In addition, several motor designs were studied with a multi-
domain model, shown in Section V-C, which simulates the
entire fan system. This multidomain model allows, for example,
first predictions of energy conversion efficiency for the chosen
operating point of the fan.

Both simulation models use an FE motor model that is
reviewed in the following section.

A. Motor Model [17]

For the purpose of comprehensiveness, the motor model will
be reviewed from [17]. Fig. 3 shows the final 3-D FE model of
the electrical machine which is an outer rotor BLDC machine
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Fig. 3. FE model of the fan motor implemented in JMAG [16]. (a) Full model.
(b) One-eighth model.

Fig. 4. JMAG connection block of the FE drive model.

using a four-pole four-slot combination. To reduce simulation
time and exploit symmetry, only one-eighth of the total BLDC
motor topology was implemented in the FE software [Fig. 3(b)].

The windings of a single-phase BLDC motor have a defined
voltage potential at all times. This is exploited to couple the
FE motor model to a circuit simulator. To link the JMAG
motor model to the circuit simulator, the coils of the motor
model are supplied with a controlled voltage source (Uw). This
voltage source obtains its input values from a full bridge of the
circuit simulation software (Appendix A-1). The second input
parameter of the FE motor model is the displacement (ϕ) of the
rotor from its initial value (Appendix A-2).

The output parameters of the model are the developed motor
torque (T ) and the winding current (I) for the actual calculated
conditions of the drive. Fig. 4 shows the FE model with all its
interfacing input and output parameters.

B. Maximum Torque Simulation

This simulation verifies whether a given design is able to sup-
ply the torque specified at rated speed and power. Fig. 5 shows
a simple block diagram of the simulation.

The inverter circuit of the single-phase BLDC machine was
also simulated in JMAG. The inverter stage uses a duty cycle
of 100% for this simulation. Thus, the motor currents are only
limited by the back EMF voltage and the rise time of the
current, which is determined by the winding resistance and
the coil inductance. As the current rises to its maximum, the
simulated torque also rises to the maximum value which the
motor is able to deliver at the simulated speed.

Fig. 5. Block diagram of the maximum torque simulation.

Fig. 6. Simulation results of the maximum torque simulation. (a) Simulated
speed. (b) Simulated winding current. (c) Simulated maximum torque.

The commutation instances are generated by a look-up table
which simulates the Hall sensor. This look-up table was calcu-
lated using preliminary simulations to ensure advanced com-
mutation and that the winding current is in phase with the back
EMF [18], [19].

Fig. 6 shows an example of the simulated torque and current
waveforms for a given individual motor design.

C. Multidomain Fan Simulation

The multidomain model is used to predict the system’s be-
havior and performance parameters such as energy conversion
efficiency. The model has been described at length in [17]. For



DUNKL et al.: DESIGN CONSTRAINTS OF SMALL SINGLE-PHASE PM BLDC DRIVES FOR FAN APPLICATIONS 3181

Fig. 7. Flowchart of the multidomain model [17].

the multidomain simulation, the fan system is split into several
parts.

1) The first part simulates the electromagnetic behavior of the
fan motor.

2) Since a BLDC motor was chosen as the drive topology,
a simulation block responsible for the electric commuta-
tion of the motor phases was required. This commutation
block comprises further logic to control the commutation
instances.

3) To simulate the mechanical behavior of the fan system, the
multidomain model had to be expanded with a block eval-
uating the motion equations based on the fan’s moment
of inertia and the speed-dependent load torque of the fan
wheel.

4) Finally, as the fan’s speed is controlled, the rotational
velocity of the fan has to be determined. Therefore, a block
was implemented, estimating the fan speed based on the
signal of the Hall sensor.

Fig. 7 shows a flowchart of the multidomain model and gives
an overview of its parts, as well as the software in which the
individual parts were implemented. For detailed information
on this model, we refer to [17]. For the sake of completeness
of this paper, selected further information on the multidomain
model is shown in Appendix A, and selected results from its
experimental validation are provided in Appendix B.

VI. RESULTS

A. Magnet Height

This first study focuses on the magnet height. In general,
the magnet height defines the point of operation and therefore
the magnetic flux that is driven through the motor. The lower
boundary of the magnet height is limited by the manufacturing

Fig. 8. Two identical designs, except for the different magnet thicknesses.
(a) Motor MA with magnet height 1. (b) Motor MB with magnet height 2.

Fig. 9. Results for maximum torque simulation at Udc = 8 V and n =
5000 r/min.

capability. The upper limit is either set by cost or, for a chosen
winding arrangement, by the resistance. The resistance shows
special sensitivity in small power applications with regard to the
inductance and induced EMF voltage of the motor coils (shown
in the following discussion). The parameter variation study uses
plastic bound ferrite magnets with different magnet thicknesses
(motors MA and MB) for the motor models (Fig. 8).

The ratio of the magnet thicknesses of the two models is
hmag,MA/hmag,MB = 53%; the outer diameter of MB increases
approximately by 9%. The stator dimension, as well as the rotor
yoke thickness, is kept constant. The two motors are studied for
two different numbers of turns but with identical copper cross-
sectional areas. Fig. 9 shows the transient simulation results for
the maximum average produced torque, rms current, and rms
back EMF voltage for the four cases.

Due to the higher air gap flux density of MB, the back EMF
voltage increases by 32% for an increase of magnet thickness
of more than 50%. Furthermore, the current drawn by the motor
decreases by ≈ 10%, and the maximum torque increases by
≈ 20% for 84 turns.

For the higher number of turns, this trend changes due to the
coils’ inductances and resistances, and since less of the source
voltage remains to drive current through the coils (reduction
by ≈ 27%), less torque will be produced (maximum torque
decrease by ≈ 27%).
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Fig. 10. Results of the maximum torque simulation of MA and MB.
(a) Maximum winding current of MA and MB. (b) Maximum torque of MA

and MB.

Fig. 10 shows the maximum current, as well as the maximum
torque waveforms for the given supply voltage of Udc,min =
8 V at a duty cycle of 100% (maximum control output). Note
that short current peaks are eliminated by the control without
appreciable changes on the evolved torque. It can be noticed
that the given value of Udc,min presents a tough design chal-
lenge. Furthermore, the current drawn by the entire fan system
will always remain below the simulated maximum current limit
from Fig. 10(a).

B. Air Gap Radius

For the sake of comparison, the study analyzed five motors
(motors MC–MG), with the same magnet material but with five
different air gap radii (ratio rMC : rMD : rME : rMF : rMG =
0.8 : 0.9 : 1 : 1.1 : 1.2). For these five different motor designs,
the magnet, rotor, and stator yoke thickness are kept constant.
Therefore, the air gap radius rMG of motor MG sets an upper
limit because further increasing the air gap radius would cause
a wider magnet and higher flux. This would saturate the stator
as well as the rotor yoke and result in a motor design with poor
efficiency.

The different motors are analyzed with different number
turns in the windings (N1 < N2 < N3 < N4 < N5).

Taking a look at the torque equation

T ≈ V B A ≈ DBN I (1)

where T describes the evolved torque, N is the number of turns,
D is the air gap diameter, I is the current drawn by the motor,
and B is the flux density of the PMs, we would expect the
torque to rise with the increase of air gap diameters and number
of turns.

Fig. 11. Controlled torque simulation results for motors MC, MD, ME, and
MF. (a) Motor torque for different numbers of turns. (b) Motor torque for
different air gap diameters.

Fig. 12. Difference in drawn motor current due to the coil inductances.

For this comparison, the motors (having different air gap
radii and number of turns) were analyzed with the maximum
torque simulation. The latter was amended so that the current
drawn by the machine was controlled to not exceed I = 0.5 A.
In general, this simulation should keep the motor current from
(1) constant, and a linear behavior between the air gap diameter
or the number of turns and the torque could be expected.

Fig. 11(a) shows the torques of the motors with different
numbers of turns. Differently than expected, the analyzed mo-
tors show a maximum in torque for a certain number of turns:
For an increasing number of turns, the winding resistances
increase too. At some point, the current drawn by the motors
cannot reach the demanded value anymore, and the torque
decreases. The higher number of turns also causes a higher flux
linkage in the winding, which leads to less voltage remaining
for driving the current through the winding. Fig. 12 shows the
loss of motor current due to the increasing number of turns.
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Fig. 13. Multidomain simulation results of drives MH and MI.
(a) Simulated speed. (b) Simulated winding current.

TABLE I
MULTIDOMAIN SIMULATION RESULTS AT Udc = 8 V

The same torque trend can also be seen in Fig. 11(b) for
increasing air gap diameters. Again, increasing diameters cause
higher flux linkages in the motor coils and higher motor
inductances. Furthermore, for a motor with a fixed number of
turns, the winding resistances stay constant. These two effects
result in higher winding time constants and therefore in slower
current rises which also have a negative effect on the evolved
motor torque. Again, Fig. 12 shows the differences between the
ideal rectangular current drawn by a resistive motor (without
coil inductances) and the actual drawn current by the motor
with different air gap radii.

C. Magnet Type

Again, the model from Fig. 3 is used to study two drives
with the same dimensions. However, one motor (motor MH)
uses rare earth magnets, whereas the other one (motor MI) uses
ferrite magnets. Both models were simulated with the multido-
main model of the entire fan system. A start-up procedure was
simulated, and the results are shown in Fig. 13.

The ratio of the remanence between both magnets is
Br,h/Br,i ≈ 132%. Table I shows the results of the multido-
main model of the fan and drive system for steady state.
Using ferrite magnets instead of rare earth magnets leads to
a reduction of the remanence, but since the same torque is
needed to drive the motor at rated speed, the electromotive
force (θ = I N) has to be increased. As more current passes
through the motor coils, more joule losses will be produced for
the same winding, and the efficiency of the fan will decrease

Fig. 14. Model of the inverter to drive the BLDC motor.

significantly (losses increase by (Icoil,MI/Icoil,MH)
2 ≈ 1.32 =

1.69). Also, due to the higher current drawn, the current density
will increase by approximately 30%.

VII. CONCLUSION

In this paper, an outer rotor single-phase BLDC motor has
been designed. This machine was designed by using steady-
state and transient design and modeling techniques by simulat-
ing the entire fan system with a multidomain model. With these
techniques, electrical and mechanical consequences of using
different materials or dimensions were taken into account. Ad-
ditionally, the design and modeling limitations were found. In
particular, the combination of a certain supply voltage, winding
resistances, and inductances and therefore the electrical time
constants show a special sensitivity when designing small
BLDC drives.

APPENDIX A
MULTIDOMAIN FAN MODEL

This appendix reviews further details of the multidomain
model as they have been provided in [17].

1) Inverter Model: To supply the single-phase BLDC motor
windings, an inverter model was built in the circuit simulation
software Gecko Circuits. Fig. 14 shows the model, as well as its
input and output parameters.

To consider effects such as freewheeling currents during
commutation and PWM off cycles, the current flowing through
the motor coils had to be linked to the inverter model. This
coupling between the BLDC and the inverter model was accom-
plished with a current source which is controlled by the motor
currents (Section V-A).

The output parameter of the inverter model is the voltage
which is applied to the motor coils (Uw).

2) Mechanical Model: To simulate the mechanical behavior
of the fan, as well as its load torque, a mechanical submodel
was created. Acceleration and deceleration of the motor shaft
are given by

dω

dt
=

1

J
(T − kbω − TL) with

ω =
dϕ

dt
(2)
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Fig. 15. Mechanical model of the fan drive.

Fig. 16. Speed estimator of the fan drive.

where ω is the rotational velocity. J is the moment of inertia
of the fan, and it was calculated from the materials and their
specific weights. kb is a factor accounting for friction, and TL is
the load torque of the fan wheel. The kb factor was set up from
empirical data, and to calculate the instantaneous load torque,
the fan affinity laws from [22] were used.

Fig. 15 shows the mechanical submodel as well as its cou-
pling links.

3) Commutation and Speed Estimation Model: The com-
mutation of the BLDC drive is managed in relation to the rotor
position through the inverter model shown in Fig. 14. As the
fan drive uses a Hall sensor for detecting the rotor position and
thus the commutation instances, a look-up table generating an
appropriate Hall signal was implemented.

Since the fan’s speed is controlled, the rotational velocity has
to be measured. Therefore, the Hall signal is used to extract the
speed of the fan drive. The speed can be determined as

n =
1

ton 2 p
60 =

1

toff 2 p
60 [r/min] (3)

where 2 p is the number of poles of the motor. To ensure a
stable speed estimation and filter out high frequency variations,
the speed signals are averaged over four samples with a finite
impulse response filter. Fig. 16 shows the speed estimator.

4) Speed Controller: The speed of the drive is controlled
by a PI controller which generates the PWM signals for the
inverter switches. Fig. 17 shows the flowchart of the speed
control block.

APPENDIX B
EXPERIMENTAL TEST SYSTEM

This appendix reviews the experimental test setup to validate
the multidomain model presented in [17]. Fig. 18 shows the

Fig. 17. Speed control block of the fan drive.

Fig. 18. Test setup to drive the BLDC fan motor. (a) Experimental test setup
[17]. (b) Flowchart of the test system.

experimental test setup to drive the fan as well as the associated
flowchart. It comprises the following.

1) The single-phase BLDC fan motor which is driven by the
inverter IC.
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Fig. 19. Measured and simulated speeds (one rotation).

Fig. 20. Measured and simulated motor terminal voltages (one
rotation).

2) The Hall sensor generating a logic signal indicating the
instantaneous rotor angle (pole facing the sensor).

3) The microcontroller unit (MCU) is responsible for cal-
culating the speed of the drive. Furthermore, the control
loop adjusting the PWM signals that are dependent on
the drive speed and the generation of the input signals for
the inverter IC according to the actual rotor position are
implemented on the MCU.

4) The inverter IC converts the signals from the MCU to
another voltage level and generates the signals to drive
the BLDC.

5) The oscilloscope which measures the total and winding
current and voltage.

Figs. 19–21 show the measured and simulated results for
the estimated motor speed, motor terminal voltage, and drive
currents for a steady-state condition for one design of the
overall fan system. The multidomain model shows fairly good
results compared to the measurement data. Note that the sim-
ulated winding currents and motor terminal voltages do not
show the modulated PWM in their waveforms directly after
commutation, whereas the measured currents and voltages
do [17].

1) In the simulation, all MOSFETs are driven separately,
whereas the MOSFETs of the inverter IC are driven by
just two signals. Therefore, the simulated winding cur-
rent cannot freewheel through the body diodes of the
MOSFETs after commutation. The measured winding cur-
rent behaves the same during PWM-ON, but for PWM-
OFF, the motor winding is shortened by the two low-side
MOSFETs of the full bridge.

2) In the simulation, the current can only flow through the
power supply after commutation; therefore, the induced

Fig. 21. Measured and simulated currents (one rotation).
(a) Overall current of the fan motor. (b) Coil winding current of the fan motor.

Fig. 22. Measured and simulated winding currents for maximum
torque.

voltage at the motor terminal clamps must be higher than
the voltage of the power supply.

In addition, the setup was also used to verify the maxi-
mum torque simulation. Fig. 22 shows a comparison of the
simulated and measured maximum torque currents. For
the maximum torque measurement, the MCU sets up the
motor PWM with a 100% duty cycle. Then, an external
stalling torque was applied to the motor until it reached a
speed of nN = 5000 r/min.
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